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Abstract 
The influence of statistical variations in cell distribution on the proliferation of Madin-Darby canine kidney (MDCK-II) cells was 
analyzed. MDCK-II cells were cultivated in parallel on 4 quartz crystal resonators in a bioreactor chip. Results of proliferation 
experiments with different initial grade of confluence were compared. Light microscope pictures of the sensor surface and 
impedance spectra were continuously acquired. CFD simulation results of the bioreactor chip were employed to verify 
experimental conditions. Results show that especially at low confluency dissimilar development of non-confluent MDCK-II cell 
layers and resulting changes in acoustic load depend significantly on initial cell distribution. 
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1. Motivation and approach 
Recently, the online analysis of signaling processes in stimulated epithelial cells that involve changes in the 
acoustic load on quartz crystal resonators (QCRs) has gained interest1. Shear wave propagation of the QCR is 
mainly governed by the focal contacts between cells and the sensor surface. Changes in the cellular acoustic load2 
ZL(ω) can be mainly attributed to alterations of the focal contacts, e.g. due to cell motility and proliferation. Previous 
published results obtained with a single QCR3 implied that the statistical cell distribution on the sensor surface has 
significant influence on cellular proliferation kinetics towards a confluent layer. That is, even though the initial 
confluency on the QCR3 between repeated experiments was constant, statistical variations in the arrangement of 
single cells or cluster of cells led to a different development of the overall cell layer. Therefore, in this contribution 
we focus on the analysis of cell distribution dependent proliferation kinetics using a novel micro fluidic biosensor 
array4 that allows simultaneous cultivation of multiple cell colonies. The symmetrical structure of the device enables 
to equally partition the cell suspension in order to have the same initial confluency and to provide identical 
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 proliferation conditions during cell cultivation. COMSOL simulation results showed that the influence of fabrication 
accuracy has no significant effect on the experimental conditions. Therefore, differences in the measured sensor 
signals can be attributed to different cell distributions. MDCK-II cells were cultivated in parallel on the gold 
electrode of 4 QCRs in the micro fluidic biosensor array at different initial grades of confluence. Electrical 
impedance spectroscopy technique was employed for continuous measurement of resonance impedance spectra. 
Kinetics of the cellular response were analyzed based on changes in the series resonance frequency (fs) and 
conductance maximum (Gmax) of the resonators. Light microscope pictures were acquired for visual characterization 
of cell layers and comparison of spatial cell distribution on the QCRs of the bioreactor chip. Results of proliferation 
experiments with minimum and medium initial grade of confluence (~20 % and ~50 %) during first hours have been 
compared. 
2. Materials and methods 
The biosensor array presented in 4 consists of 4 bioreactor chips and a flow distribution network. Fig. 1 shows the 
detail of a bioreactor chip with embedded QCRs placed into the heating jacket for temperature control. A single 
bioreactor chip contains 4 QCRs in parallel connected chambers. The flow distribution network enables a symmetric 
connection of all bioreactor chips to an external flow injection system. The array is operated in flow-through and 
overpressure regime. With this approach, well defined proliferation and stimulation conditions are achieved and the 
accumulation of contaminants in the chambers is prevented. 
 
 
Fig. 1: Detail of the microfluidic bioreactor chip for uniform cell suspension with embedded QCRs (10 MHz, ∅ 8 mm, electrode: ∅ 3 mm) 
All micro fluidic channels were flushed several times with Mucasol 2.5 % v/v and n-octyl-ß-glucopyranosid 
0,1 % for cleaning and sterilization after the assembly of the fluidic biosensor array and the flow injection system. 
Subsequently, the system was flushed for one hour with full culture medium (RPMI 1640 with 10 % v/v Fetal Calf 
Serum, 1 % v/v Penicillin/Streptomycin). After being cultivated in conventional cell culture, MDCK-II cells were 
harvested, counted and transferred into a plastic syringe with full culture medium. Concentrations of 
0.4 Mio cells/ml and 0.2 Mio cells/ml were used in order to obtain initial grade of confluence of ~20 % and ~50 % 
respectively. During cell seeding, the cell suspension was dispensed until homogeneous coverage of the QCR was 
obtained and cells were equally partitioned on all 4 QCRs embedded into the bioreactor chip. Then, culture medium 
was dispensed by a syringe pump at the flow rate of 1 ml/h during proliferation. Cells seeded on QCRs were 
simultaneously developing in the device, whose symmetry ensured a comparable confluency and identical 
proliferation conditions. A static overpressure of 0.2 bars was applied. During the complete experiment impedance 
spectra were acquired at the rate of 2 spectra/min/QCR. Pictures of each sensor surface in the bioreactor chip were 
acquired after seeding of cells into the array. Pictures of a single position were taken with the rate of 1 picture/min 
during following cell proliferation. A localized polynomial regression was used for fitting impedance spectra over 
time. Special focus was on the comparison of cellular responses during first hours of proliferation. Between 
consecutive experiments the micro fluidic system was continuously flushed with Trypsin in RPMI. 
Comsol simulation 
The flow velocity profile in the bioreactor chip was simulated using the CFD module in COMSOL Multiphysics. 
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Fig. 2a shows the result of simulation in the plane parallel to the sensor surface. Fig. 2b shows the velocity field plot 
along the four marked red lines, at 100μm over the cell layer. The model also includes the influence on the velocity 
field caused by asymmetries due to a fabrication accuracy of +/- 0.025 mm. The variation is less than 3 %. 
 
a)  b) 
Fig. 2.a) Simulated flow velocity profile in the bioreactor chip at a flow rate of 1 ml/h. b) Plot of velocity field along marked red lines at 100 μm 
over the cell layer. Due to fabrication accuracy the four plots are spread in the region marked with red color. 
3. Experimental Results 
In Fig. 3, cell distributions on all 4 QCRs of the bioreactor chip after seeding procedure with 0.2 Mio cells/ml are 
shown. Although there is a similar confluency, significant variations in cell distributions can be observed. 
Differences are more obvious to notice when focusing on a smaller area. 
 
  
  
Fig. 3: MDCK-II cells distribution after seeding procedure on all four QCRs of the bioreactor chip 
Fig. 4 shows the resonance frequency shift of experiments with initial confluency of 50 % (Fig. 4a) and 20 % 
(Fig 4b). Resonant frequency shifts relative to the value before seeding of cells are considered. During the first 
30 min, a similar response consisting of fast decrease of resonance frequency can be observed in both curves. This is 
mainly due to mass load of cells settling on the resonator after dispensing procedure and the beginning of adhesion 
process. The lower shift observed in graph b) is due to lower initial load on the QCRs related to initial confluency. 
After the first hour, proliferation process started and little differences could be observed between responses of cell 
communities with 50 % initial confluence. On the other hand, responses of cell communities with 20 % initial 
confluence show greater differences in between signal of QCR. 
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 a) b)  
Fig. 4: Cell adhesion kinetics during first hours of proliferation of MDCK-II cells on QCRs with 50 % (a) and 20 % (b) initial confluence 
In order to better compare the two situations, % variation between sensors was used. This value was defined for 
each QCR as the frequency shift difference between that QCR and QCR1 divided by the maximum frequency shift 
of QCR1, for the experiment being considered. Based on this definition, the difference between QCR responses 
reaches a maximum of 20 % with 50 % of initial confluence whereas with lower initial confluence such difference is 
greater than 25 % with a maximum of 55 %. 
4. Summary and conclusion 
The influence of statistical variations in cell distribution on the proliferation of Madin-Darby canine kidney 
(MDCK-II) cells was analyzed by means of a novel micro fluidic biosensor array. COMSOL simulation results 
show that fabrication accuracy has no significant effect on the flow regime and on experimental conditions. Results 
of proliferation experiments into the biosensor array with minimum and medium initial grade of confluence (~20 % 
and ~50 %) during first hours were compared. Major differences between proliferation kinetics could be observed 
only with decreased initial confluency (20 %) on the sensor surface. Thus, especially at low grades of confluence 
initial cell distribution is an important factor for the proliferation kinetics. Dissimilar development of non-confluent 
MDCK-II cell layers mediated by changes in acoustic load depends significantly on the initial cell distribution. 
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